Tugging on ECM fibers promotes the maturation of invadopodia and cell invasion in highly invasive cancer cells. This specific form of mechanical signaling down-regulates integrin 3 resulting in increased cofilin activity.
INTRODUCTION
Invasion is an acquired cellular process that drives the progression of cancer into the metastatic cascade. Without the ability to invade, the majority of solid tumor cancers would be treatable by surgical removal of the initial tumor, and would minimize the need for chemotherapeutics to kill the unseen invasive competent cells. Unfortunately, at this time our full understanding of how invasion is acquired and executed is woefully lacking. However, with increasing knowledge about metastatic progression cancer biologists have begun to appreciate the importance of multiple mechanical factors in initiating the multi-step metastatic cascade (Kumar and Weaver, 2009 ). These mechanical factors include changes in the structure and mechanics of the whole tissue, as well as local biophysical changes in the geometry and topology of the extracellular matrix (ECM). Much of the early focus has been on the obvious changes in stiffness since the stroma surrounding most tumors often becomes more rigid and dense due to an enrichment of collagen type I and fibronectin (Miles and Sikes, 2014; Pickup et al., 2014) . This increase in rigidity leads to an increase in tumor cell proliferation, migration and invasion (Alexander et al., 2008; Charras and Sahai, 2014; Jerrell and Parekh, 2014; Kostic et al., 2009; Parekh and Weaver, 2009; Tilghman et al., 2010; Ulrich et al., 2009; Umesh et al., 2014) .
In addition to the rigidity of the matrix, stroma-associated cells that can include the highly contractile myofibroblasts produce forces in the ECM as they remodel and migrate through the matrix (Goffin et al., 2006; Shieh, 2011; Tripathi et al., 2012) . During the remodeling process, a tugging force is generated on the surrounding collagen fibers as they are bundled and arranged (Castella et al., 2010; Goffin et al., 2006; Murrell et al., 2015; Oudin et al., 2016) . The presence of the myofibroblasts and the forces they generate have been linked to increased cancer cell invasion and motility (De Wever et al., 2008; Elkabets et al., 2011; Fuyuhiro et al., 2012) . A previous study in our lab found that transient tugging on fibers within a collagen/fibronectin matrix, that mimic the magnitude and organization of the forces that would be produced by both normal fibroblasts and fibrosarcoma cells within the ECM, can enhance the extent of cell invasion in highly invasive human fibrosarcoma (Menon and Beningo, 2011) . This suggests that random, transient tugging forces provide mechanical cues utilized by metastatic cancer cells to augment their invasion. These specific mechanical cues and others that are present within the ECM are detected by mechanoreceptors located on the surface of the cell (Gasparski and Beningo, 2015) .
In particular, the integrin family of receptors have been implicated in mechanoreception and their significance in mechanotransduction has been widely studied (Roca-Cusachs et al., 2012; Ross et al., 2013) . More generally, cellular structures including filopodia, lamellipodia and invadosomes (invadopodia and podosomes) are known to respond to mechanical cues (Mrkonjic et al., 2016; Schwarz and Gardel, 2012) .
Invadopodia are thin, actin-rich cellular protrusions that are unique to invasive cells that contribute to the proteolysis of the ECM. They recruit various matrix metalloproteinases (MMPs) that allow invasive cancer cells to erode through the basement membrane to begin their metastatic journey (Frittoli et al., 2011; Jacob and Prekeris, 2015; Poincloux et al., 2009 ). These structures are enriched in actin-associated proteins, such as cortactin and cofilin, which contribute to their dynamic behavior (Artym et al., 2006; Clark et al., 2007; Yamaguchi et al., 2005) .
Invadopodia undergo three distinct phases in their lifetime: initiation, assembly and maturation.
The formation of a core structure containing N-WASp, Tks5, cofilin and cortactin defines the initiation step (Artym et al., 2006; Blouw et al., 2015; Oser et al., 2009 ). The assembly phase requires the stabilization of these precursor proteins to continue the actin polymerization needed for maturation. The maturation phase may be regulated by NHE-1, a sodium/hydrogen exchanger, which induces the pH dependent release of cofilin from its inhibitory interaction with cortactin (Magalhaes et al., 2011) . It has been demonstrated that cofilin expression is necessary in cancer cells in order for them to retain their invasiveness (Menon and Beningo, 2011; Nagai et al., 2011; Walter et al., 2009 ). Cofilin activity is also regulated by its phosphorylation at the serine-3 position by LIM kinase. When it is unphosphorylated, it binds to F-actin filaments to promote actin polymerization while phosphorylated cofilin cannot interact with these filaments. As a result, only active, unphosphorylated cofilin can facilitate actin polymerization via generation of free barbed ends (Blanchoin et al., 2000) .
During the maturation phase, invadopodia become proteolytically active, which is characterized by the localization and/or secretion of functional MMP enzymes. There are three members of the MMP family that are associated with invadopodia, MMP-2, MMP-9 and MT1-MMP (MMP-14) (Jacob and Prekeris, 2015) . Of particular interest to this study is MMP-2, whose fibronectin type II repeats bind to its collagen substrate (Polette et al., 2004) . MMP-2 localizes to invadopodia where it is secreted into the extracellular environment to degrade the ECM (Clark and Weaver, 2008) .
A variety of mechanical forces are present in the tumor environment, however much effort has focused solely on the increased rigidity of the stroma (Kostic et al., 2009; Levental et al., 2009; Paszek et al., 2005) . In this study we utilize an in vitro mechano-invasion assay (Menon and Beningo, 2011) to test the impact of a different form of mechanical stimuli on the cell's ability to invade (Fig. 1) . Mechanical stimulation is provided in the form of temporally transient tugging forces generated by magnetic beads randomly attached to anisotropic collagen and fibronectin fibers. These forces are not significant enough to induce whole substrate stretch nor is the transient strain aligned in any particular axis of the substrate. We have previously described a significant increase in the invasion efficiency of cells when this type of mechanical cue is present (Menon and Beningo, 2011) . In our previous study, we determined that enhanced invasion in response to this stimulus required that the cells already be invasive as non-invasive cells cannot be stimulated to become invasive. Hence, this mechanical cue is specifically exploited by metastatic cancer cells. We also found that both cofilin and fibronectin were necessary to respond to the mechanical cue. However, the mechanistic details regarding this type of mechanosensing have not been identified. Our objective is to uncover candidate genes that define a mechanosensing signaling pathway, which ultimately leads to enhanced invasion and dissemination. Additionally, we examine the role of invadopodia in this process, as both cofilin and invadopodia are required for cancer cell invasion (Menon and Beningo, 2011) . Based on our preliminary data, we speculated that in response to tugging forces in the stroma, cancer cells will show an altered expression of genes involved in mechanosensing. We used real-time PCR analysis to identify differentially expressed genes in mechanically stimulated invasive cancer cells. We identified integrin β3 and confirmed its functional importance to sensing this specific form of mechanical stimulation. Furthermore, we discovered that the downregulation of integrin β3 expression increases invadopodia maturation in response to stimulation and that knockdown of cofilin expression produces invadopodia that do not respond to stimulation. As a result of promoting the maturation of invadopodia, there is an accompanying increase in invadopodiaassociated MMP activity. To our knowledge this is the first study to implicate tugging forces to specifically promote the invasion of metastatic cells and further to provides a mechanical signal for the basis of mechanically induced maturation of invadopodia.
RESULTS

Identification of Differentially Expressed Genes by PCR Array Analysis
For identification of differentially expressed genes under mechanically stimulated and unstimulated conditions, three PCR arrays were used. The RNA was obtained from mechanically stimulated and unstimulated cells and was then used to prepare cDNA for PCR array analysis.
The differentially expressed genes identified by PCR array analysis were classified into 7 groups based on their function as defined by the manufacturer of the gene array. Out of the 252 genes examined, 46 genes were differentially expressed upon mechanical stimulation using a cut-off value of 1.35-fold change in expression: 38 genes were up-regulated and 8 genes were downregulated ( Fig. 2A) .
From the differentially expressed genes, several were selected based upon their known association with cancer cell invasion and/or mechanosensing (Calvo et al., 2013; Ciobanasu et al., 2013; Prager-Khoutorsky et al., 2011; Shams et al., 2012; Xie et al., 2011) and confirmed by qPCR. The following down-regulated genes were chosen: ITGB3 (integrin β3), MTSS1 (metastatic suppressor 1), PTK2B (protein tyrosine kinase 2B), MYL9 (myosin light chain 9) and ACTN3 (actinin 3). Similar to PCR array analysis, qPCR was performed with RNA extracted from cells incubated under stimulated and unstimulated conditions for 48 hours. For every gene, at least two biological replicates were used and for every biological replicate two technical replicates were performed. The housekeeping gene GAPDH was used for normalization of gene expression. qPCR analysis confirmed the down-regulated expression of ITGB3, MTSS1, PTK2B, MYL9 and ACTN3 in response to mechanical stimulation (Fig. 2B ).
Down-regulation of Integrin β3 Expression upon Mechanical Stimulation
From the confirmed differentially expressed genes, ITGB3 was chosen for further analysis.
ITGB3 codes for integrin β3, one of the β subunits within the integrin family, and is considered to be a mechanosensor (Rathinam and Alahari, 2010) . More importantly, integrin β3 pairs with integrin αv or integrin αIIb to form heterodimeric integrin molecules. These integrin β3 containing heterodimers are known to bind Arginine-Glycine-Aspartic acid (RGD) domains of fibronectin (Xiong et al., 2002) . As fibronectin is required for enhanced cellular response in our mechanoinvasion assay (Menon and Beningo, 2011) , the down-regulation of integrin β3 upon mechanical stimulation was intriguing. Additionally, it is known that the expression levels of integrin β3 can vary in different types of cancer and this change in expression can affect cell invasion (Jin and Varner, 2004; Seguin et al., 2015; Sheldrake and Patterson, 2009 ).
We first confirmed the down-regulation of integrin β3 at the translational level. Western blot analysis performed using cell lysates from cultures that were mechanically stimulated or unstimulated for 48 hours in the mechano-invasion assay (Fig. 3A) . Lysates from mechanically stimulated cells had approximately 0.6 times integrin β3 compared to that from unstimulated cells.
This value was comparable to gene expression levels, where stimulated samples contained 0.5 times ITGB3 mRNA compared to unstimulated samples (Fig. 2B) , thereby validating that mechanical stimulation also reduced the amount of integrin β3 protein expressed by the cell.
It was entirely possible that down-regulation of integrin β3 was just an outcome of enhanced invasion and not required for mechanosensing. To test the functional significance of the down-regulation of integrin β3, we overexpressed the gene in HT1080 fibrosarcoma cells and tested the invasive response of these cells in the mechano-invasion assay. If the down-regulation of integrin β3 is required for cells to sense the mechanical stimulus and produce enhanced invasion, overexpression of integrin β3 should inhibit the enhancement of invasion.
Integrin β3 was overexpressed in HT1080 cells and a Western blot confirmed that the protein was stably overexpressed by two-fold for up to 72 hours (Fig. 3C) . Overexpressing cells were seeded on collagen/fibronectin matrices 24 hours after transfection and incubated with or without mechanical stimulation for 48 hours. It was observed that cells overexpressing integrin β3 failed to respond to mechanical stimulation as they did not display enhanced invasion compared to control (Fig. 3D) , thus confirming that down-regulation of integrin β3 is required for the enhanced invasion as a result of stimulation.
Down-regulation of Integrin β3 is Not Accompanied by Increased Activity of Integrin β1
Numerous instances of integrin crosstalk have been reported, where binding of one integrin to its ligand causes perterbation in the expression or activity of other integrins. Such crosstalk is known to occur between integrin β3 and another fibronectin-binding family member, integrin β1 (Gonzalez et al., 2010) . To address the potential of cross-talk between these two integrins, we tested the possibility that down-regulation of integrin β3 is accompanied by an increase in the activation of integrin β1. A re-evaluation of the PCR array analysis indicated there was no difference in the expression levels of integrin β1 with mechanical stimulation (Fig. S1A) .
However, as a result of crosstalk between integrin β1 and β3, the regulation may not occur at the level of expression but in the degree of receptor activation of integrin β1. We used an antibody specific to the active conformation of integrin β1 to test this idea. After 48 hours with and without stimulation, we determined that levels of activated integrin β1 upon mechanical stimulation were not significantly different from controls ( Fig. S1B, C) . These results suggest that no crosstalk occurs between integrin β1 and β3 subunits in the invasive response observed upon mechanical stimulation therefore eliminating an obvious divergent pathway.
Down-regulation of Integrin β3 Results in Higher Levels of the Active Form of Cofilin Upon
Mechanical Stimulation
To identify potential downstream pathways of integrin β3, we focused on the relationship between integrins and cofilin. Cofilin is known to sever actin filaments and is necessary for invadopodia maturation (Yamaguchi et al., 2005) . Moreover, in our in vitro mechano-invasion assay, cofilin siRNA treated cells failed to sense the mechanical stimulation and did not show enhanced invasion, yet retained a basal level of invasion (Menon and Beningo, 2011) . As cofilin activity is controlled by its phosphorylation at serine-3 (Pollard and Borisy, 2003) , we speculated that mechanically stimulated cells would have lower levels of Ser-3 phospho-cofilin (inactive state) compared to unstimulated cells. Additionally, if cofilin activity is dependent on integrin β3 expression, overexpression of integrin β3 should increase the levels of inactive, phospho-cofilin upon mechanical stimulation.
To test our prediction, cell lysates were collected from cells cultured on collagen/fibronectin matrices and incubated with or without mechanical stimulation for 48 hours.
It was determined that levels of Ser-3 phospho-cofilin were indeed decreased with mechanical stimulation indicating that more cofilin was likely to be in its active state (Fig. 4A ). Lysates collected from mock nucleofected cells also showed a similar decrease in Ser-3 phospho-cofilin upon mechanical stimulation. Quantitation of band intensities found that Ser-3 phospho-cofilin levels with stimulation were approximately 0.65 times lower when compared to the unstimulated samples in both wild-type cells and mock nucleofected cells (Fig. 4B ). However, when integrin β3 was overexpressed, the effect of mechanical stimulation on Ser-3 phospho-cofilin level was reversed, such that similar levels of Ser-3 phospho-cofilin were observed in integrin β3 overexpressing cells with or without mechanical stimulation. In addition, the amount of total cofilin was unchanged in wild-type cells, integrin β3 overexpressing cells and mock nucleofected cells, between stimulated and unstimulated conditions (Fig. 4B ). When the relative amount of Ser-3 phospho-cofilin was compared to total cofilin levels, mechanical stimulation significantly reduces the fraction of cofilin that is phosphorylated in wild-type and mock nucleofected cells. When integrin β3 is overexpressed, this effect is abolished (Fig. 4C ). Our data strongly suggests that the amount of active, non-phosphorylated cofilin increases in response to mechanical stimulation and this increase in active cofilin is brought about by down-regulated expression of the integrin β3 mechanoreceptor.
In Vitro Mechanical Stimulation Results in the Lengthening of Invadopodia
Previous studies have shown that invadopodia become more enzymatically active in response to changes in ECM rigidity (Jerrell and Parekh, 2016; Parekh and Weaver, 2016) but the maturation of invadopodia in response to contractile tugging forces present within the ECM has not been examined. In our assay, invasion occurred at a basal level without mechanical stimulation, but only in cells known to be invasive, suggesting that existing invasive machinery such as invadopodia were functioning without mechanical stimulation. Coupled with the observation that greater levels of active cofilin were available upon mechanical stimulation, we reasoned that transient mechanical stimulation was enriching the activity of the existing invadopodia. Specifically, we predicted that our form of mechanical stimulation was enhancing the invasive abilities of the cancer cells by promoting the maturation of invadopodia.
To test this prediction, we used confocal microscopy to observe changes in the number and length of invadopodia upon transient mechanical stimulation. Briefly, cells were seeded onto collagen/fibronectin matrices, with and without mechanical stimulation. The matrices were then chemically fixated and probed with an antibody to cortactin, an identifying marker of invadopodia.
Fluorescent secondary antibodies and phalloidin were used to label individual invadopodia for confocal microscopy. Z-stack images were taken of randomly selected cells and punctate areas of cortactin and actin co-localization served as a marker for individual invadopodia (Fig. 5A ).
These areas of co-localization were measured in the z-plane and an average length was calculated.
After 48 hours of mechanical stimulation, we found that the invadopodia in stimulated cells had an average increase in length of 1.4 µm compared to unstimulated cells (Fig. 5B ). This data suggested that invadopodia in stimulated cells were indeed increasing in length and likely more mature. Additionally, this maturation would likely be accompanied by an increase in MMP activity.
We also examined the change in the number of invadopodia per cell with mechanical stimulation, as this may also account for the enhanced invasion observed in stimulated cells.
Using the same trials used to measure invadopodia length, we determined that no significant change (P>0.05) in number of invadopodia occurred between stimulated and unstimulated cells (Fig. 5C ).
Integrin β3 Overexpression Inhibits Invadopodia Maturation with Stimulation
Integrin β3 is required for sensing the rigidity of matrices and is known to have increased affinity for the ECM under mechanical strain (Jiang et al., 2006; Katsumi et al., 2005) . However, unlike these previous studies, with our specific form of mechanical stimulation we find the opposite, integrin β3 expression is downregulated in response to tugging forces. To examine the effect of integrin β3 expression on invadopodia maturation, confocal microscopy was used to observe invadopodia in cells with integrin β3 overexpressed (Fig. 6A, B) . As 24 hours was the most effective time point for overexpression, cells were seeded onto invasion assay plates at that time point and allowed to invade into the matrix for 48 hours with and without stimulation. After fixation and immunolabeling, z-stack confocal microscopy indicated that the length of invadopodia do not change significantly with transient mechanical stimulation when integrin β3 is overexpressed (Fig. 6C ). This suggests that integrin β3 is regulating some aspect of a signaling pathway involved in the maturation of invadopodia as overexpression of integrin β3 decreases invasion to basal levels when mechanical stimulation is applied.
The Elongation of Invadopodia that Occurs During Mechanical Stimulation is Attenuated When Cofilin is Knocked Down
It has been demonstrated that cofilin expression is necessary in cancer cells in order for them to be invasive (Menon and Beningo, 2011; Nagai et al., 2011) . Further, cofilin activity is required for the actin polymerization needed for the maturation of invadopodia, hence knockdown of cofilin should reduce invadopodia elongation when cells are mechanically stimulated. siRNA was used to reduce cofilin expression in cells and off-target siRNA served as a negative control. (Fig. 6D ). Cells were mechanically stimulated after siRNA transfection, fixed and immunolabeled to visualize invadopodia using confocal microscopy ( Fig. 6E ). When cofilin expression is reduced, cells produced significantly shorter invadopodia in stimulated cultures than equivalent control siRNA cells (Fig. 6F ). This result confirms that cofilin is a key factor in inducing the maturation of invadopodia in response to the mechanical stimulation provided by our assay.
Mechanical Stimulation Increases the Expression and Activity of MMP-2
The maturation of invadopodia is associated with the targeted expression and secretion of MMP enzymes that degrade the surrounding ECM. One of these MMP enzymes associated with invadopodia is MMP-2, which specifically recognizes both collagen and fibronectin as its substrates. Two isoforms of MMP-2 are detectable by Western blot: the inactive pro-form (72 kDa) and the secreted proteolytically active form (66 kDa). We examined both the expression and secretion of MMP-2 with and without stimulation. Prior to cell lysis for total protein collection, conditioned media was collected from cells containing the control vector and integrin β3 overexpression plasmid.
We determined that mechanical stimulation increases MMP-2 expression, supporting the idea that our mechanical stimulus is inducing the maturation of invadopodia. With stimulation, control cells have an average increase of approximately 50% and 30% expression with stimulation of the inactive and active isoforms, respectively (Fig. 7A, B) . Further, overexpression of the integrin β3 receptor negates this effect as there was no detectable increase in expression of either MMP-2 isoform (Fig. 7A, B) . This supports our observation that invadopodia maturation is reduced with stimulation as a result of integrin β3 overexpression as MMP-2 expression is a hallmark of invadopodia maturation.
When secretion of MMP-2 was examined by gelatin zymography of the conditioned media, a similar observation was made. Cells containing the control plasmid showed an increase in MMP-2 proteolytic activity with mechanical stimulation while integrin β3 overexpressing cells showed no change in secreted MMP-2 activity (Fig. 7C, D) . This suggests that invadopodia in HT1080 cells are indeed increasingly mature with stimulation as both MMP-2 expression and secretion are up-regulated. Overexpressing the integrin β3 receptor inhibits invadopodia maturation which is evident by the lack of up-regulated MMP-2 secretion and activity.
To visually examine the extent of collagen degradation activity in vitro, DQ collagen (type I) was mixed with the collagen/fibronectin matrices just prior to polymerization. This collagen allows for the microscopic analysis of proteolysis because it has an excessive amount of fluorescent dyes conjugated to it which exhibit a quenching effect. After it has been enzymatically degraded, the quenching is reduced and the local area becomes fluorescent (Jedeszko et al., 2008) . Therefore, areas of DQ collagen fluorescence indicate collagenase proteolytic activity, which would include many of the invadopodia-associated MMP enzymes, including MMP-2. In our assay, areas of fluorescence were observed nearby areas of invadopodia that were deemed to be mature. Mechanically stimulated cells also appear to contain more numerous punctate degradation areas and at a higher fluorescent intensity (Fig. 7E ). This suggests that ECMdegrading enzymatic activity is increased in mechanically stimulated cells.
DISCUSSION
Metastasis is a multistep process influenced by various biochemical and mechanical factors within the tumor cell's microenvironment. In our previously described in vitro mechanoinvasion assay, we mimicked the tugging forces produced by cellular movements within the ECM and discovered they augment cell invasion (Menon and Beningo, 2011) . We have now used this assay to identify the potential mechanism responsible for enhanced invasion in response to random tugging on the ECM fibers.
We identified several genes that are differentially expressed between mechanically stimulated and unstimulated conditions in the HT1080 human fibrosarcoma cell line. Many of the genes with differential expression are involved in cellular processes that are consistent with mechanical stimulation enhancing cell invasion. For example, several genes involved in membrane protrusions were up-regulated. As these genes are required for regulation of invadopodia activity in tumor cells, their up-regulation were suggestive of formation of more active invadopodia with mechanical stimulation (Albiges-Rizo et al., 2009; Alexander et al., 2008) . Also, consistent with the idea that lower adhesion leads to an increase in a cell's invasive capacity, we found that a greater number of cell adhesion genes were down-regulated rather than upregulated. Among these genes, we found that the expression of ITGB3, the integrin β3 receptor subunit, was down-regulated with stimulation. In agreement with our expression analysis, overexpression of integrin β3 inhibited the enhancement of invasion that typically occurs with stimulation, confirming that integrin β3 must be down-regulated with mechanical stimulation in order for the cells to respond to the stimulus.
The mechanism of how the mechanical stimulation causes the down-regulation of integrin β3 is currently unknown. Since fibronectin is required for sensing this mechanical stimulus (Menon and Beningo, 2011) , it is entirely possible that down-regulation of integrin β3 is caused by a feedback mechanism that is initiated by mechanosensing through integrin β3 itself. Alternatively, another integrin, such as integrin β1 could be responsible for the down-regulation via a mechanism involving cross-talk. Nonetheless it was surprising that a known mechanoreceptor would be down-regulated in response to mechanical stimulation. However, other studies have shown that expression of integrin β3 is variable in response to other forms of mechanical stimuli in various types of cancer (Felding-Habermann et al., 2001; Page et al., 2015) . Additionally, a recent study found that HT1080 cells exhibit an MMP-independent "nuclear piston" mechanism of invasion that requires integrin β3 activity (Petrie et al., 2017) . It is an intriguing possibility that a cell uses the expression of integrin β3 to select between modes of invasion such that downregulation promotes MMP-dependent invasion while normal levels of integrin β3 expression favors an MMP-independent "nuclear piston" mode of invasion.
Both integrin β1 and β3 are RGD-binding integrins (Branch et al., 2012) and are important in the regulation of invadopodia maturation (Beaty and Condeelis, 2014; Beaty et al., 2013; Knowles et al., 2013) . As integrin β3 is down-regulated upon mechanical stimulation, we examined the possibility that it was accompanied by an increase in activity of integrin β1, an integrin subunit known to localize to invadopodia (Mueller et al., 1999 ). Although we did not observe any significant change by western blot in the activation levels of integrin β1 upon mechanical stimulation, it is possible that down-regulation of integrin β3 might alter the localization of integrin β1 within the cell. For example, down-regulation of integrin β3 may enrich integrin α5β1 at invadopodia and thus increase their interaction with fibronectin resulting in enhanced mechanosensing. This has been observed previously where integrin β1 localization to invadopodia has led to increased invadopodia maturation via promotion of MMP secretion, interaction with Arg kinase and signal complex formation with ezrin at lipid rafts (Antelmi et al.,
2013; Beaty et al., 2013).
To confirm that maturation of invadopodia was stimulated by our mechanical signal, it was important to examine enzymatic activity, a hallmark of mature invadopodia (Jacob and Prekeris, 2015). Several MMPs have been associated with mature invadopodia, including MMP-2, which we found to have up-regulated expression with mechanical stimulation. Overexpression of integrin β3 abolished these effects, which further suggests that invadopodia maturation is increased with down-regulated integrin β3 expression. Microscopy of matrices containing DQ collagen showed increased areas of collagen degradation at and around individual invadopodia with stimulation.
Collectively, these results confirm that invadopodia maturation is up-regulated with mechanical stimulation as increased enzymatic activity coincides with a measurable increase in invadopodia length. To what extent maturation is promoted is currently unknown. Mechanical stimulation may accelerate the rate of the maturation process and/or cause more nascent invadopodia to reach maturation compared to unstimulated conditions. However, the average number of invadopodia within a cell was relatively unaffected by mechanical stimulation, it is likely that up-regulated maturation is the dominant effect responsible for enhancing cell invasion instead of a disruption in invadopodia turn-over.
The down-stream signaling pathway that is affected by reduced expression of integrin β3
and the maturation of invadopodia is likely regulating cofilin activity. We have shown that cofilin is required for sensing the mechanical stimulation in our mechano-invasion assay (Menon and Beningo, 2011 ). Cofilin's actin filament severing activity is regulated via phosphorylation by LIM kinase (Pollard and Borisy, 2003; Yamaguchi et al., 2005) . The levels of Ser-3 phosphorylated cofilin are low in highly metastatic cell lines derived from T-lymphoma and carcinoma (Nebl et al., 1996) and the invasiveness of cancer cells is correlated with overall output of the cofilin pathway (Wang et al., 2006; Zebda et al., 2000) . The Ser-3 phosphorylation of cofilin is linked to the ligand binding ability of integrin αvβ3 as well as expression of MMP-2 (Dang et al., 2006). Our results suggest cofilin is in its active state (low Ser-3 phosphorylation) upon mechanical stimulation and that this activation can be inhibited by overexpression of integrin β3. This suggests that an already established signaling pathway between integrin β3 and cofilin is likely affected by mechanical signaling leading to the maturation of invadopodia.
Based on our observations and current literature we have developed a model signaling pathway connecting integrin β3 and cofilin activity and consequently the maturation of invadopodia (Fig. 8) . We propose that integrin engagement and activation leads to activation of Rac1, a Rho GTPase, known to be regulated by integrin β3 in focal complexes (Morgan et al., 2009 ). We hypothesize that with mechanical stimulation, integrin β3 expression is reduced resulting in poor activation of Rac1. The inactive GTP bound Rac1 fails to phosphorylate and activate its down-stream effector p21 activated kinase-1 (PAK1) (del Pozo et al., 2000) . The loss of PAK1 activity prevents the activation of LIMK1, which in turn fails to phosphorylate cofilin at the Ser-3 position rendering the cellular pool of cofilin active. Therefore, during unstimulated conditions, the amount of active cofilin is lower than inactive cofilin, yet it is enough to produce basal levels of both invasion and invadopodia maturation such as those observed in our assay.
During mechanical stimulation, the increase in active cofilin leads to a collective increase in invadopodia maturation that is responsible for enhancing invasion.
As an aside, our study supports the idea that different types of force utilize different signaling pathways, with the force essentially acting as different ligands. In our previous study we have found that increasing the stiffness of the invasion assay matrix (4.5mg/ml) does not affect the enhancement of invasion from tugging forces compared to a less stiff matrix (2.5mg/ml). Also, an increase in stiffness alone, without the tugging force, did not increase the extent of invasion (Menon and Beningo, 2011) . Importantly, it is worth noting that the matrix that we are using in this assay has a comparable stiffness to the stroma surrounding a tumor (Paszek et al., 2005) yet only with the transient tugging do invadopodia mature and enhance invasion. This implies that it is the tugging force that is responsible for the maturation of invadopodia and not the stiffness of the matrix. Furthermore, other studies done in 2D cultures have shown that increasing collagen matrix stiffness results in an increase in the number of invadopodia (Alexander et al., 2008; Artym et al., 2015; Das et al., 2013) . While our study has found that the number of invadopodia is unaffected by tugging forces, however the length is clearly affected. Taken together these studies would suggest that highly invasive cells are capable of discerning a tugging force from a change in matrix stiffness and utilizing the message differently. Nonetheless, further investigation is needed to flush out this idea of selective cellular mechanical communication.
In conclusion, this study has uncovered a mechanosensitive signaling pathway that leads to the maturation of invadopodia and enhanced invasion of metastatic cancer cells in response to tugging forces. These findings suggest that transient tugging forces provide a unique biomechanical cue for the promotion of invasion and extends our knowledge beyond those biomechanical cues currently recognized to promote tumor formation and cancer progression.
This type of mechanical signal could be present in any extracellular microenvironment and is clearly exploited by the highly metastatic cancer cell to promote invasiveness, while non-invasive cells do not seem to have the capacity to use this specific form of mechanical signal. Untangling the multitude of biomechanical cues encountered by a cancer cell will take us closer to understanding how mechanical cues are used by the cancer cell for the progression of the disease.
METHODS
Cell Culture
Experiments in this study were performed with HT1080 human fibrosarcoma cells (ATCC).
Cells were maintained in Eagle's Minimum Essential Medium (EMEM; ATCC) supplemented with 10% fetal bovine serum (Hyclone) and 1% Penicillin-Streptomycin solution (100 U/ml penicillin and 100 µg/ml streptomycin; Life Technologies) at 37˚C and 5% CO 2 . Cells were passaged via trypsinization with 0.25% trypsin (Sigma) and maintained up until the eighth consecutive passage.
Cells were authenticated and tested negative for mycoplasma by the Biobanking and Correlative Services Core at the Karmanos Cancer Institute in October 2016.
In vitro Mechano-Invasion Assay
The invasion matrices and the assay were setup and performed as previously described (Menon and Beningo, 2011) . Briefly, 1.5 X 10 4 cells were seeded onto the sterilized collagen/fibronectin/paramagnetic bead matrix and mechanical stimulation was provided by rotating a rare earth magnet of 12,100 Gauss (25 mm x 5.5 mm) 1.5 cm beneath the culture on an orbital shaker (Barnstead Thermolyne) at 160 rpm (2.6 Hz). Unstimulated matrices were incubated outside of the magnetic field. After 24 hours, cells within 10 random microscopic fields of matrix were counted under 10X phase objective on an Olympus IX81 microscope. Cells within the field were counted, beginning on the surface of the matrix and at eight increments 100 µm/step within the z-plane of the matrix. Percent invasion was determined by calculating the number of invaded cells (cells below the surface of the matrix) divided by the total number of cells. Numerous controls for this assay have been previously performed, including verification that cells did not phagocytose the magnetic beads, that paracrine secretions were not a factor and that the matrix was not being remodeled or stretched in a manner to cause pores in the matrix, in addition multiple cell lines have been tested (Menon and Beningo, 2011) .
Collagen Degradation
A 2 mg/ml solution of collagenase type IV (Worthington Biochemical) in Hank's Balanced Salt Solution (Life Technologies) was warmed to 37˚C and 2 ml added to the matrix after it was physically removed from the culture well using a spatula and added to a sterile tube. The matrix was incubated in a 37˚C water bath with intermittent shaking for 10 min to degrade the collagen.
Cells were separated by centrifugation at ~500 x g for 5 min at 37˚C. The resulting pellet contained both whole cells and the paramagnetic beads from the matrix. The pellet was washed with sterile 1X PBS at 37˚C.
RNA Extraction
The RNA was extracted from invaded cells following matrix degradation. The matrices for RNA extraction were seeded with 7 X 10 4 HT1080 cells on matrices scaled-up in larger wells of 1 mm x 3 cm. For each independent experiment, unstimulated and stimulated matrices were made in duplicates. Qiagen RNeasy mini kit was used for RNA extraction from pelleted cells. To prevent column clogging, paramagnetic beads from the pellet were pulled down with a magnet before loading the lysate onto the column. Genomic DNA contamination was removed by Qiagen oncolumn DNaseI digestion. RNA was eluted in 20 µl of DNase/RNase free water. The quality of the acquired RNA was assessed using a NanoDrop spectrophotometer (ThermoScientific). Only RNA samples having 260/280 ≥ 2.0, 260/230 ≥ 1.7 and concentration ≥ 40 µg/ml were used.
PCR Array and qPCR Analysis
RNA obtained from both unstimulated and stimulated cells from the invasion assay were used to make cDNA and used for the PCR array as well as qPCR analysis. For each experiment, 1 µg of RNA from each unstimulated and stimulated sample was converted into cDNA using RT² First Strand Kit (SA Biosciences, for PCR array analysis) or GoScript™ Reverse Transcriptase (Promega, for qPCR). To identify differentially expressed genes between stimulated and unstimulated conditions from the invasion assay, the following PCR arrays were purchased from SA Biosciences; Cell Motility PCR Array, Tumor Metastasis PCR Array and ECM and Adhesion Molecules PCR Array. Each PCR array contained primers against 84 candidate genes related to cell motility, tumor metastasis and ECM and adhesion molecules. PCR array analysis was performed using RT² qPCR SYBR Green/ROX MasterMix-12 (SA Biosciences) on a Stratagene Mx3000P instrument. The raw data was analyzed using the web-based RT 2 Profiler PCR Array Data Analysis software (SA Biosciences). Gene expression was normalized using five housekeeping genes: actin (ACTB), β-2-microglobulin (B2M), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hypoxanthine phosphoribosyltransferase 1 (HPRT1) and large ribosomal protein (RPL13A). For confirming the differential expression, qPCR primers were 
Integrin β3 Overexpression
A plasmid with the human ITGB3 gene, pcDNA3.1-beta-3, provided by Dr. Timothy Springer (Addgene #27289), was used for integrin β3 overexpression in HT1080 cells. Cells were grown to approximately 85% confluency and nucleofected using the Amaxa Nucleofector 2 device (Lonza) with the nucleofector kit T (Lonza). After nucleofection, cells were seeded onto 100 mm culture dishes for 24 hours and incubated at 37˚C with 5% CO2. In the case of invasion assays performed for protein extraction, nucleofected cells were directly seeded onto collagen/fibronectin matrices prior to incubation.
Protein Extraction
Triple detergent lysis buffer (TDLB; 50 mM Tris HCL pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) mixed with Protease Inhibitor Cocktail (Sigma), and Halt TM Phosphatase Inhibitor Cocktail (ThermoScientific) was used for protein extraction for Western blot analysis. Cells were isolated at 24, 48 and 72 hours post-nucleofection, rinsed with 1X PBS and incubated with TDLB for 20 min under ice-cold conditions. Lysates were centrifuged at 4˚C for 10 min at ~5500 x g to remove cell debris.
For protein extraction from invaded cells, duplicates of unstimulated and stimulated matrices were prepared. Matrices were degraded with collagenase and cells were pelleted down by centrifugation as described above. The cell pellet was incubated with 250 µl TDLB for 20 min under ice-cold conditions. Paramagnetic beads were separated from lysates with a magnet.
Lysates were centrifuged at 4˚C for 5 min at ~7000 x g to remove cell debris. This solution was then mixed with 50 µl of 6X Laemmli buffer (reducing or non-reducing, based on the antibody to be used; Boston BioProducts) and boiled for 10 min.
Conditioned Media
For the collection of secreted MMP-2, the first 24 hours of the mechano-invasion assay was allowed to proceed as normal. The media was then removed from the invasion assay cultures and the cultures were rinsed twice with warmed 1X PBS. The media was replaced with serumfree media for an additional 24 hours of stimulation. Media was collected from the invasion assays immediately before the cells were lysed. The collected media was concentrated using protein concentrators with a cut-off of 10K molecular weight (ThermoFisher). Protein concentration was measured using the DC protein assay (Bio-Rad).
Western Blots
Western blots were performed with protein samples collected from cells following 48 hours with and without mechanical stimulation. Proteins were then transferred onto a PVDF membrane (Bio-Rad) and blocked using 5% milk in 0.1% Tween-80 in PBS (PBS/T; for GAPDH and cofilin), 5% milk in 0.1% Tween-80 in TBS (TBS/T; for integrin β3, integrin β1 and MMP-2) or 5% BSA in 0.1% TBS/T (for phospho-cofilin). Primary antibody dilutions were made in the same solutions used for blocking (except for integrin β3 for which 1% milk in 0.1% TBS/T was used) and incubated at 4˚C overnight (except for cofilin; 4 hours at RT). The membrane was washed in 0.1% PBS/T (GAPDH and cofilin) or 0.1% TBS/T (phospho-cofilin, integrin β3, active integrin β1 and MMP-2).
Secondary antibody dilutions were made in the same solution as that of primary and incubated at RT 1 hour. The following antibodies were used: rabbit polyclonal integrin β3 (1:300, Santa Cruz), rat monoclonal active integrin β1 (1:5000, BD Pharmingen), mouse monoclonal cofilin (1:300, Abcam), rabbit monoclonal phospho-cofilin (Ser-3) (1:1000; Cell Signaling Technology), rabbit polyclonal MMP-2 (1:500, Bioss), mouse monoclonal GAPDH (1:15000; Millipore), HRP tagged anti-mouse (Fisher), HRP tagged anti-rat (Abcam), HRP tagged anti-rabbit (Amersham).
Following secondary antibody incubation, membranes were washed with 0.1% PBS/T or 0.1% TBS/T and incubated with Amersham ECL Prime Western Blotting Detection Reagent. Band intensity readings were measured and normalized using ImageJ (NIH).
Immunofluorescence
Cells embedded within the invasion assay matrices were chemically fixated at 37˚C in a solution containing 2.5% paraformaldehyde (Electron Microscopy Sciences) and 1.33X PBS for 10 min followed by a permeabilization solution of 2.5% paraformaldehyde, 1.33X PBS and
TritonX-100 for 10 min. The samples were quenched in a 0.5 mg/ml solution of NaBH4 (Sigma) RT for 1 hour and followed by 3 washes in 1X PBS.
Imaging & Measurements of Invadopodia
For invasion assays requiring imaging of invadopodia, DQ collagen type I (ThermoFisher) was added to the matrix and mixed thoroughly just prior to polymerization at a concentration of 25 µg/ml. Measurements of invadopodia were obtained after first identifying protrusions within each cell that displayed cortactin and actin co-localization. The lengths of each invadopodia were measured by identifying the first appearance of co-localization within the z-stack ('starting' point) and ending when the co-localization became undetectable within the z-stack ('ending' point). The difference in these two values was recorded as the length for each individual invadopodia within each cell. The average length for invadopodia was calculated and the Student's t-test was performed to determine statistical significance.
Zymography
Concentrated conditioned media was mixed with 6X Laemmli non-reducing loading buffer (Boston BioProducts) and 30µg loaded onto an 8% SDS-PAGE gel containing 1 mg/ml gelatin (Sigma). After running for 1.5 hr at 75 V, the gel was incubated in renaturing solution (2.5% Triton X-100) for 30 min at RT. After rinsing the gel twice with water, it was incubated in developing buffer (50mM Tris-HCl, pH 7.8, 0.2M NaCl, 5mM CaCl2 and 0.02% Triton X-100) for 1 hr at RT.
The buffer was then replaced with fresh developing buffer for 16 hr at 37°C. The gel was rinsed and stained with 0.05% coomassie blue and destained with methanol/acetic acid until bands were clearly visible. Media that had not been used in culture served as a negative control. Band intensities were quantified using ImageJ (NIH). 
